also been observed at the cone pedicle complex; howthe transfer of the light signal from the cones onto the ever, they were not directly associated with the triads bipolar and horizontal cells (Figures 1A and 1B) GluR2/3, and GluR4 at the cone pedicles of macaque triads, because they contain a presynaptic ribbon and monkey retinae by light and electron microscopy using three postsynaptic processes: two horizontal cell denimmunocytochemical methods. Glutamate receptors drites as lateral elements and one or two bipolar cell were found to be specifically clustered at the invagidendrites as central elements (Figures 1A and 1B) . 
) and have also been described in ure 1A): we thought the upper band represented a clusa freeze fracture study (Raviola and Gilula, 1975) , their tering of GluRs at the tips of invaginating horizontal cell true nature is not understood (Boycott and Hopkins, dendrites and interpreted the lower band as an aggrega-1993). They do not represent conventional chemical syntion of GluRs at basal junctions (OFF cone bipolar cells).
apses, since an aggregation of synaptic vesicles cannot To define the relative position of the bands with rebe detected on either side of the junction. spect to the cone pedicle base, sections were double To determine whether they are desmosomes, we imimmunolabeled for GluRs and PSD-95 (postsynaptic munostained monkey retinae for proteins that are usudensity protein 95). PSD-95 has been shown previously ally expressed in adherens junctions, desmosomes, and to label the membrane of cone pedicles and rod sphertight junctions (Gumbiner, 1996) . Plakoglobin (␥-catenin) ules (Koulen et al., 1998a) . Figures 3A-3C show that was expressed in a sparse population of puncta in the GluR1-immunoreactive puncta coincide with the basal ganglion cell layer (GCL), desmocollin-labeled puncta in membrane of cone pedicles. The two GluR4 bands (Fig- the outer nuclear and ganglion cell layers. Desmoplakin ures 3D-3F) showed an unexpected stratification: the was not expressed in the monkey retina; however, it upper band coincided, in fact, with the cone pedicle showed a punctate label associated with the basal lamina of the mouse retina. Recently, neurojungin, a novel base, while the lower band was 1.5 m below the cone "junction" protein, has been identified from the bovine symplekin, ZO-1) and of the three antibodies we applied to the monkey retina (plakoglobin, desmoplakin, desmoretina (Paffenholz et al., 1999) . Neurojungin was localized to the outer limiting membrane (OLM), where photocollin), none labeled the desmosome-like junctions in the OPL. receptors and Mü ller cells form a dense array of junctions. The OLM also expressed other junction proteins We wanted to test the hypothesis that these desmosome-like junctions correspond to the GluR2/3-and the (N-cadherin, plakophilin 2). Of the numerous antibodies applied to the bovine retina by Paffenholz et al. (1999) GluR4-immunoreactive hot spots below the cone pedicle. Electron micrographs of GluR1, GluR2/3, and GluR4 (pan-cadherin, vinculin, ␤-catenin, ␣-catenin, occludin, One of them is SAP102 (synapse-associated protein GluR1 immunoreactivity was associated with rod spherules (data not shown; Hack et al., 1999). GluR4 labeling 102), and we have shown previously in the rat retina that SAP102 is clustered at postsynaptic densities both in was observed at basal junctions, in invaginating horizontal cell processes ( Figure 4B ; one or both were found the OPL and inner plexiform layer (Koulen et al., 1998b) . A section through a cone pedicle labeled for SAP102 is to be labeled), and in lateral elements of rod synapses (data not shown). It has to be emphasized that preemshown in the electron micrograph of Figure 4D . SAP102 is associated with invaginating processes of horizontal bedding immunolabeling is not a quantitative method, and the percentage numbers given below almost cercells, and it is also found at the desmosome-like junctions. Among 26 junctions, we that found in 16% both tainly underestimate the actual expression. We examined 71 triads and found that in 14% both lateral elesides were labeled, in 38% only one side was labeled, and in 46% both sides were unlabeled. This observation ments were labeled, in 74% one lateral element was labeled, and in 12% both were unlabeled. In addition, was further supported by light microscopic experiments (data not shown), in which, similar to the GluR2/3 and GluR4 immunoreactivity was also observed at the desmosome-like junctions below the cone pedicle ( Figure  GluR4 bands shown in Figures 2D and 2E , two bands of puncta were present in SAP102-immunolabeled sec-4B). Among 39 junctions, we found that in 36% both sides were labeled, in 33% only one side was labeled, tions. These results suggest that the desmosome-like junctions are not desmosomes but rather postsynaptic and in 31% both sides were unlabeled. Hence, GluR4 subunits can be clustered at these junctions in a way densities at which glutamate receptors appear to be clustered. It is interesting in this context that Raviola similar to their aggregation in postsynaptic densities. The GluR2/3 subunits were also observed at these desand Gilula (1975) noticed that the membrane structure of the desmosome-like junctions was very similar to the mosome-like junctions ( Figure 4C ), at flat bipolar cell dendrites and in invaginating horizontal cell processes.
membrane of the invaginating horizontal cell processes showed some overlap of the two markers at the dendritic tips touching the cone pedicle bases. However, as india close correspondence between the dendritic tips of horizontal cells at the cone pedicles and the GluR4-cated in Figure 6C , most of the ROB-labeled dendritic terminals of ON cone bipolar cells fell into the gap left immunoreactive puncta can be detected. The gap between the two bands of GluR4-immunoreactive puncta by horizontal cell dendrites at the cone pedicle base. We also double labeled sections for GluR4 and for ( Figure 5A ) is also present in the PV-immunoreactive dendritic tips of horizontal cells ( Figure 5B) . PKC␤ ( Figures 6D-6F) , which has been shown to label most bipolar cells of the primate retina (Grü nert et al., We also studied PV-immunolabeled sections by electron microscopy. The section in Figure 5D shows the 1994). Once again, the PKC␤ label at the cone pedicles fell between the GluR4 bands ( Figure 6F ). These results neuropil underneath a cone pedicle base. Invaginating horizontal cell processes that form the lateral elements suggest a precise stratification of horizontal cell and bipolar cell dendrites and of glutamate receptors underof triads are labeled. A band of 1-2 m width underneath the cone pedicle contains only a few labeled horizontal neath the cone pedicle base. We also performed double labeling experiments for the glutamate transporter GLT-1 cell processes; beyond that gap, PV-immunoreactive horizontal cell processes are again observed. Moreover, and ROB (data not shown). GLT-1 has been shown to be a marker of OFF cone bipolar cells, whereas ROB these labeled processed engaged in contacts at the desmosome-like junctions. Among 26 junctions, we labels ON bipolar cells (Grü nert et al., 1994) . Dendrites of OFF cone bipolar cells were concentrated at a position found that in 84% both sides were labeled, in 8% only . We would argue that this more distributed localbipolar cells adjacent to the cone pedicles. GABA C R ization is adapted to the mode of action of GABA in the subunits have also been described in the OPL; however, OPL. Apart from a few interplexiform cell processes, their localization with respect to cone pedicles has not GABA in the OPL is released principally from the horiyet been studied (Enz et al., 1996). After observing the zontal cells, and this release appears to be mediated laminated architecture of horizontal cell and bipolar cell by a GABA transporter (Schwartz, 1993 (Schwartz, , 1999 . dendrites underneath the cone pedicles, we sought to study the fine architecture of GABARs within this network of processes. Most of these junctions occur between PV-immunorealso be cone specific; since the glutamate receptors are aggregated underneath every cone pedicle, it is possible active processes ( Figure 5) and are, therefore, between horizontal cell dendrites. However, a few junctions did that they cause a small, local membrane depolarization that triggers the release of GABA at that particular cone. not show PV immunoreactivity, and it remains possible that bipolar cell dendrites also participate in these juncSuch local and thus cone-specific action of horizontal cells in the monkey retina is not mere speculation, betions. Of the glutamate receptor subunits studied, GluR2, GluR2/3, and GluR4 were clustered at the junccause recently it has been shown by intracellular recordings that cone-specific sensitivity regulation occurs tions. at their invaginating contacts and close to the desmoOne might ask why is there a need for a third postsynsome-like junctions. GABA receptors on bipolar cell aptic layer underneath the cone pedicle. Each cone peddendrites form a layer in between these two putative icle provides synaptic output to several hundred postrelease sites (Figure 7) , suggesting that GABA could synaptic processes, and, given the restricted size of diffuse from either side to activate these receptors. cone pedicles, especially in the primate fovea, there
GABA Release from Horizontal Cells
Hence, there appears to be a spatial correspondence would seem to be a packing problem that has been between the release of GABA from horizontal cells and solved by adding this third postsynaptic layer. However, the aggregation of the GABARs. Not only elucidation of as discussed in the following paragraph, there are possithe precise function of this local, but not strictly synapbly additional reasons for the layering of the postsynaptic, transmission but also the cellular mechanisms that tic glutamate receptors.
cause such specific and matching aggregations should prove intriguing. It has to be emphasized that not only the bipolar cells The Release of GABA from Horizontal Cells underneath the cone pedicles express GABARs; physioHorizontal cells of the primate retina express GABAlogical experiments have shown that cone pedicles like immunoreactivity (Grü nert and Wä ssle, 1990) and themselves respond to GABA (Wu, 1994) . Although the contain the GABA-synthesizing enzyme glutamic acid molecular composition of the GABARs expressed by decarboxylase (GAD 65; Vardi et al., 1994) . This sugcone pedicles is still unknown, the local release of gests that similar to horizontal cells in other vertebrates, GABA, proposed in the present study, would also serve they release GABA as their transmitter (Yazulla, 1995 
